We proposed a novel method for vacuum membrane distillation (VMD) called Electric Field Assisted Vacuum Membrane Distillation (EVMD) that can be used to mitigate membrane fouling. A biaxial stretching polytetrafluoroethylene (PTFE) membrane was utilized as the base membrane, and multiwalled carbon nanotubes (MWCNTs) or a mixture of MWCNTs/graphene as a conductive substrate.
Introduction
Due to a growing scarcity of water resources, improvements in water treatment technologies have become increasingly important.
1 Membrane technologies such as microltration (MF), ultraltration (UF), nanoltration (NF), and membrane distillation (MD) have increased in popularity due to their low investment costs and high efficiency. In particular, non-isothermal membrane separation technology membrane distillation (MD) is a promising emerging separation and purication technology. In this method, the trans-membrane vapor pressure acts as the driving force 2 while a hydrophobic microporous membrane acts as the medium. As a conguration of MD, Vacuum Membrane Distillation (VMD) attracts more attention owing to the vacuum in the permeate side which brings about a higher driving force and further membrane ux. 3 Compared with traditional separation technologies, as well as other pressure-driven membrane separation processes, MD has advantages of low energy consumption and nearly 100% rejection, 4,5 the ability to condense non-volatile agents while removing volatile organic agents in the water solution, 6, 7 and so on.
8,9
However, despite its many attractive advantages, MD has yet to be widely applied. 10 The large scale development of membrane separation technologies, such as UF, NF, and MD, 4, 5, [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] have been hindered by membrane fouling, a problem which results in a sharp decline in the membrane ux and shortens the membrane's lifespan. Membrane fouling during MD is primarily caused by inorganic scaling, particulate and colloidal fouling, and/ or bio-fouling.
14 Natural organic matter (NOM), such as humic acid (HA), bovine serum albumin (BSA), and Sodium Alginate (SA), has also been seen to lead to membrane fouling. 20 HA in particular has been identied as a principal NOM foulant for membrane processes, leading many researches to focus on HA fouling during MD. 4, 11, 13, 21, 22 Multiple strategies have been employed in order to inhibit membrane fouling for MD, including pretreatment of the feeding solution, membrane ushing, gas bubbling, 18 surface modication to create an anti-fouling membrane, 23 photo-catalysis 24 and so on. 12, 25 Despite all efforts however, membrane fouling continues to be a challenge for implementation of the technique.
26
In recent decades, electro-chemical techniques have been coupled with membrane separation technologies and applied to water treatment of industrial wastewater, 27 particularly in the degradation of phenol. 28, 29 Many studies have shown that use of a Membrane Bioreactor (MBR) coupled with an electric eld is able to effectively mitigate membrane fouling. [30] [31] [32] For example, Raed Hashaikeh used periodic electrolysis to effectively clean membranes, 33 Boor Singh Lalia employed electrically conductive membranes able to self-clean any bio-fouling, 34 and Li et al.
35
introduced an electro-catalytic membrane reactor able to mitigate membrane fouling. More recently, carbon nanotubes and graphene have been used as good conductive materials across many elds. [36] [37] [38] [39] [40] [41] Use of these materials for water treatment is also developing rapidly.
42-45
In this article, we propose a novel method of improved, antifouling MD called Electric Field Assisted Vacuum Membrane Distillation (EVMD). This method utilizes a biaxial stretching PTFE membrane as a base membrane and multi-walled carbon nanotubes (MWCNTs), or a mixture of MWCNTs/garphenes, as a conductive substrate. 33, 46, 47 The effects of the per unit area loading mass (PUALM) of the MWCNTs on the overall membrane performance were investigated in terms of the surface morphology, gas ux, and conductivity. The effects of the electric eld strength and HA concentration on the antifouling performance during EVMD were also investigated.
Experimental

Materials
Biaxial stretching PTFE membranes with an average pore diameter of 0.22 mm were supplied by Haining Nengda Filter Equipment Co., Ltd (Haining, China). Sodium chloride (NaCl, AR grade) was obtained from Tianjin Fengchuan Chemical Reagent Co., Ltd (Tianjin, China). Humic acid (HA, CP) was purchased from Tianjin Guangfu Fine Chemical Research Institute (Tianjin, China). Carboxylated MWCNTs were purchased from Beijing BOYU GAOKE New Material Technology Co., Ltd (Beijin, China). Graphene was obtained from Ximen Knano Graphene Technology Co., LTD (Xiamen, China). N,NDimethylacetamide (DMAc, AR grade) was obtained from Tianjin Kemiou Chemical Reagent Co., Ltd (Tianjin, China).
Preparation of a conductive PTFE membrane
0.01% by wt of MWCNTs, or 0.01% by wt of a mixture of MWCNTs/ graphenes, was dispersed in DMAc using an ultrasonic cleaner with the xing frequency set at 40 kHz for 4 h. Before vacuum ltration, the PTFE was soaked in ethanol in order to clean the membrane surface as well as decrease resistance during the vacuum ltration process. Next, an appropriate amount of the suspension containing the conductive substrate was ltered through the membrane using vacuum ltration at 30 kPa, as 
EVMD test
A prepared PTFE conductive membrane (with an effective surface area of 20 cm ) was used as the pollutant. Additionally, an aqueous solution of NaCl (3.5% by wt) was used as both an electrolyte and an inorganic contaminant. During the EVMD process, the temperature of the feed liquid was kept constant at 70 C and the vacuum pressure was set at 0.095 MPa. An intermittent electric eld with an interval of 0.5 h was applied in order to hopefully mitigate membrane fouling (Fig. 2 ).
Characterization
2.4.1. Morphology. Field emission scanning electron microscopy (FESEM, HItachi-s-4800) was used to characterize the morphologies of the prepared membranes.
Conductivity.
The conductivity of the PTFE membrane was measured using a four probe method (KEITH-LEY2700, MULTIMETER/DATA ACQUISITION SYSTEM).
2.4.3. Hydrophobicity. The hydrophobicity of the PTFE membrane was characterized by measuring the water contact angles (Jinshengxin Inspection Instrument Co., Ltd., model JYSP-180).
2.4.4. Permeability. The permeability of the membranes was characterized by measuring the rate of N 2 gas ux as determined using a laboratory device (Fig. 3 ) at a driving force of 0.01 MPa. The liquid entrance pressures of water (LEPw) at the membrane's surface were determined using a testing device illustrated in Fig. 4. 2.5. EVMD separation performance 2.5.1. Membrane ux. The membrane distillation ux was calculated using the following formula:
where J is the VMD ux in L m À2 h À1 , V is the sample volume in L, A is the effective membrane area in m 2 , and t is the sampling time in h. View Article Online 2.5.2. Rejection. The NaCl rejection percentage for the VMD process was calculated using the following formula:
where R is the percent of NaCl rejection, C f is the conductivity of the feed solution, and C p is the conductivity of the permeate water.
Results and discussion
3.1. Effects of the PUALM of MWCNTs on membrane performance 3.1.1. Morphology. As shown in Fig. 5 , there are obvious changes to the surface morphology that occurred as a result of MWCNTs being deposited on the membrane surfaces using vacuum ltration. An increase in the PUALM of the MWCNTs on the membrane led to a marked deepening in the membrane color. For a MWCNT PUALM of 5 g m À2 or more, a clearly apparent bump structure is visible on the membrane surface, an effect thought to be caused by the superposition of MWCNTs on the membrane surface. 3.1.2. Gas ux and conductivity. A suitable membrane for EVMD requires both good separation performance and excellent conductivity. The reciprocal of square resistance was utilized to characterize the membrane's conductivity. For an increase in the PUALM of the MWCNTs, the conductivity of the PTFE membrane increased, while the gas ux declined signi-cantly (Fig. 6 ). This decline was due to the deposited MWCNTs on the PTFE membrane blocking many of the membrane pores, as shown in Fig. 5 . As the PUALM of the MWCNTs increased from 1 g m À2 to 20 g m À2 , the reciprocal square of the membrane resistance increased from 0.0016 AE 0.0004 to 0.26 AE conductivity and a high gas ux, as shown in Fig. 6 .
Membrane liquid entrance potential of water (LEPw).
LEPw is the minimum pressure required for an aqueous solution to pass through the pores of a dry membrane. Application of a transmembrane hydrostatic pressure that exceeds the LEPw may lead to pore wetting and lower quality for the produced water. In this work, the conductive membrane was also used under VMD conditions, which have higher requirements for the LEPw of the membrane. As can be seen in Fig. 7 , due to the carboxylation of the MWCNTs, the LEPw for the membrane dropped slightly with an increase in the PUALM. However, all membranes retained an LEPw value greater than 0.3 MPa, a suitable value for VMD.
Effects of graphene doped MWCNTs on membrane performance
Kunli Goh
48 had previously reported the formation of a nanostructure on the membrane that improved the membrane hydrophobicity as well as the distillation ux. In hopes of seeing such benets and build this nanostructure, a mixture of graphenes and MWCNTs were used as the conductive substrate and the subsequent effects on membrane performance were investigated. The PUALM for all tests was kept at 10 g m À2 in order to maintain the good conductivity and separation performance of the membrane. 3.2.1. Morphology. When a mixture of graphenes and MWCNTs was applied as the conductive substrate on the membrane, the graphenes were deposited on the upper surface of the membrane (Fig. 8) . As the mass ratio of graphenes in the mixture was increased two effects were observed, rst, a larger amount of graphenes were deposited on the membrane surface, and second, the graphene had a more uniform distribution.
3.2.2. Hydrophobicity and conductivity. The hydrophobicity of PTFE membrane was greatly improved by the introduction of graphenes (Fig. 9) . For a PUALM of 10 g m À2 using only
MWCNTs as conductive substrate, the water contact angle was 105.2 AE 0.6 . However, the water contact angle increased to 134.3 AE 0.7 by the addition of doped graphenes into the MWCNTs at a ratio of 1/2 (graphenes/MWCNTs), showing excellent hydrophobicity. However, comparing with the membrane using only MWCNTs as the conductive substrate, the electric conductivities of membranes using a mixture of graphenes declined which was reected by the increase of electric resistance. It was owing that, the more air may be trapped between the slice-shape graphenes and rod-shape MWCNTs during the vacuum ltration process, which brought about the enhance of surface electric resistance, and furtherly decreased the membrane's electric conductivity. Overall, for a 1 : 2 ratio of graphene to MWCNTs showed both good hydrophobicity and conductivity, and they were then applied to EVMD process.
Antifouling performance during EVMD
Use of EVMD was observed to obviously mitigate any decline in membrane distillation ux, indicating effective suppression of membrane fouling. As shown in Fig. 10 , all rejection values were measured to be above 99.5%. When raw PTFE membranes were used for VMD, the membrane distillation ux declined sharply to 36.38% aer only 6 hours operation due to serious membrane fouling. It was also observed that membrane fouling resulted from adhesion of HA to the membrane surface and subsequent blocking of membrane pores, as shown in Fig. 11 . Compared with a raw PTFE membrane, the rate of decrease for distillation ux across the membrane was slower using the PTFE conductive microporous membrane to conduct VMD without an intermittent electric eld, dropping only to 47.37%. Due to the electronegativity of the carboxylated MWCNTs, 49 it was difficult for HA to adhere to the membrane surface. Also, MWCNTs and graphenes both have excellent thermal conductivities and can act to reduce the temperature polarization and thereby further mitigate the decline in membrane distillation ux. The conductive substrate layer can also act as an antipollution layer. When an intermittent electric eld was applied during the VMD process, the membrane distillation ux was unstable, with volatile ups and downs over time. HA is negatively charged and is strongly electronegative, therefore when the PTFE conductive microporous membrane was employed as the cathode, HA in solution was electrically repulsed from the membrane surface and thereby relieved membrane fouling. Furthermore, due to electrochemical oxidation, HA can be degraded near the anode, resulting in a decline of the HA concentration in the feeding liquid during the EVMD process. Another factor for these results may be the generation of H 2 O 2 in solution which could act to clean the membrane surface at the cathode. The in situ cleaning of the membrane by electrochemically produced H 2 O 2 has been previously reported to decrease potential membrane fouling. 50 Furthermore, electrolysis led to the formation of micro-bubbles along the membrane surface, which acted to remove foulants and prevent adsorption of HA onto the membrane surface. 3.3.1. Effects due to the strength of the intermittent electric eld. As can be seen in Fig. 12 , the antifouling performance of the membrane was highly dependent on the strength of the intermittent electric eld. In this work, an intermittent electric eld strength of 1.0 V cm À1 led to the best antifouling effects for EVMD. Compared with the 1.0 V cm À1 electric eld strength, the antifouling performance was relatively poor for EVMD using an intermittent electric eld strength of 0.5 V cm À1 or 1.5 V cm À1 .
Specically, the membrane distillation ux was 58.38%, 71.98%, and 65.75% for intermittent electric eld strengths of 0.5 V cm À1 , 1.0 V cm À1 , and 1.5 V cm À1 , respectively. Two opposing effects can be used to explain this trend. On the one hand, as the intermittent electric eld strength decreased, the electric repulsion between HA and the membrane surface also decreased, allowing HA to more easily adhere to the membrane surface. Furthermore, application of a lower strength intermittent electric eld led to a reduction of the electrochemical oxidation effect at the anode during EVMD and thus the attraction of HA to the anodic electric eld would also be decreased. On the other hand, as the electric eld strength becomes too high the HA concentration of feed liquid drops due to the strong electrochemical oxidation at the anode. This produces the desired effect as it reduces adhesion of HA to the membrane surface and mitigates membrane fouling. However, the generation of H 2 O 2 microbubbles that clean the membrane surface at the cathode is also increased, and could lead to mass transfer resistance resulting from only allowing gas through the membrane pores. Therefore, the choice of the electric eld strength was crucial for peak antifouling performance during EVMD. In this work, application of an intermittent electric eld with a eld strength of 1.0 V cm À1 led to the best antifouling action as well as the best membrane distillation ux recovery. 3.3.2. Effects due to HA concentration. As shown in Fig. 13 , in the case of VMD using a raw membrane the amount of membrane fouling increased with an increase in the concentration of HA. With each increase in the HA concentration of the feed liquid, the rate of decline for the membrane distillation ux accelerated. Specically, when HA concentrations were 20 mg L À1 , 50 mg L
À1
, and 100 mg L À1 , the membrane distillation ux using the raw membrane decreased to 36.38%, 31.84%, and 27.01%, respectively. The antifouling performance of EVMD also weakened during increases in HA concentration. Although increasing the HA concentration could act to increase the number of negative charges and thereby both increase the electric repulsion between HA and the PTFE conductive microporous membrane (cathode) and improve electrostatic attraction between the anode and HA, the increase in the probability of HA coming into contact with the membrane and fouling the surface overcame any positive effects due to increased concentration. Furthermore, the HA degradation rate near the anode declined as the HA concentration increased. During the MD process, the mass transfer resistance was seen to increase along with an increase in the feed concentration, while the HA degradation rate near the anode declined. Overall, as HA concentration increased, the membrane distillation ux declined and membrane fouling increased.
Conclusions
In conclusion, the prepared PTFE conductive microporous membranes possessed excellent conductivity and membranes with a xed PUALM of 10 g m
À2
. EVMD was observed to effectively mitigate membrane fouling due to electric eld and electrochemical action on the pollutants. It was determined that the best antifouling performance and membrane distillation ux recovery rate was achieved using an intermittent electric eld with a eld strength of 1.0 V cm
À1
. Also, it was observed that the antifouling performance of EVMD was weakened with an increase in HA concentration due to the increased likelihood of HA coming into contact with the membrane surface.
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